Abstract: We propose a top and bottom seesaw model with partial composite top and bottom quarks. Such composite quarks and topcolor gauge bosons are bound states from supersymmetric strong dynamics by Seiberg duality. Supersymmetry breaking also induces the breaking of topcolor into the QCD gauge coupling. The low energy description of our model reduces to a complete non-minimal extension of the top seesaw model with bottom seesaw. The non-minimal nature is crucial for Higgs mixings and the appearance of light Higgs fields. The Higgs fields are bound states of partial composite particles with the lightest one compatible with a 125 GeV Higgs field which was discovered at the LHC.
Introduction
The Standard Model (SM) of electroweak interactions, based on the spontaneously SU (2) L × U (1) Y gauge symmetry breaking, has been extremely successful in describing phenomena below the electroweak scale. The most important problem in the SM is the source of the electroweak gauge symmetry breaking and the related problem of hierarchical flavor structure. It is well known that the top quark is very heavy comparing to the other SM fermions and its value is obtained in an ad hoc manner by adjusting the phenomenologically introduced Yukawa couplings. Besides, the top quark couples more strongly to electroweak symmetry breaking sector than the light quarks and it is possible that some of the electroweak symmetry breaking is due to top sector. The idea of top condensation [1] is an attractive approach to explain these problems.
However, the minimal top condensation framework predicts a too high top quark mass m t as well as a high Higgs mass, and then the extreme fine-tuning is needed to trigger the condensation. Also, the Nambu-Jona-Lasinio (NJL) model must be considered as an approximation of some new strong dynamics-the topcolor gauge interactions. One can combine topcolor with technicolor to get a TC2 model [2] in which the electroweak symmetry breaking gets contributions from both the top condensation and the technicolor sectors. The other very interesting scenario is the top seesaw model [3] which naturally predicts the acceptable top quark mass without the need of new electroweak symmetry breaking sector. The UV completion of topcolor needs more matter contents and certain interactions which are put in by hand. We would like to present a model which will give rise to these terms automatically.
It is well known that the SM requires the existence of Higgs fields to trigger electroweak gauge symmetry breaking. However, the quantum corrections to Higgs boson masses have quadratic divergences. Thus, the entire SM mass spectrum, which depends on the Vacuum Expectation Value (VEV) of Higgs field, is directly and indirectly sensitive to the cut-off scale of the theory like the Planck scale. This is the gauge hiearchy problem. One natural solution is supersymmetry (SUSY) by adding supersymmetric partners of the SM particles to cancel the quadratic divergences. However, the ATLAS and CMS Collaborations at the LHC have not found any signal of supersymmetric particles (sparticles) yet. Moreover, SUSY can provide a viable dark matter candidate, achieve the gauge coupling unification as well as be an essential ingredient to certain quantum gravity candidate. Thus, it is possible that our Universe could adopt supersymmetry at relatively high scale.
It had been conjectured long time ago that all the building blocks of the SM are composite particles instead of being fundamental particles. The existence of chiral symmetry is essential to guarantee the disappearance of the known fermion masses. However, 't Hooft anomaly matching conditions [4] are very restrictive and hardly can one obtain the realistic composite models. A very interesting progress was achieved by Seiberg who discovered the duality [5] between different SUSY gauge theories. Seiberg duality is highly non-trivial and satisfies the 't Hooft anomaly matching conditions and decoupling conditions as well as the other consistent checks. Besides, new emergent gauge groups and composite fermions appear in certain case of the dual description. We conjecture that the SM particles are com-posite and such compositeness are the consequences of SUSY strong dynamics and SUSY breaking. The observed small mass terms of the SM fermions are the consequences of the strong dynamics arise from the emergent gauge interactions. Especially, the Higgs boson mass around 125 GeV, which was discovered at the LHC recently [6, 7] , can be realized as well.
This paper is organized as follows. In Section 2, we discuss the emergent topcolor gauge group and matter contents from SUSY strong dynamics. SUSY is broken by rank conditions in our scenario, which results in the ISS-type metastable vacua [8] . In Section 3, we discuss the complete top and bottom seesaw sector. The composite matter content from Seiberg duality results in partial composite physical top and bottom quarks. Composite multiple Higgs doublets appear in our model at low energy and are fully responsible for electroweak gauge symmetry breaking. Section 4 contains our Conclusions.
Composite Particles from SUSY Strong Dynamics
Top quark, which couples more strongly to the electroweak symmetry breaking sector than other light quarks, could be responsible for electroweak symmetry breaking. The idea of top condensation is fairly attractive and gives an explanation on how top quark can participate in the electroweak symmetry breaking mechanism and obtain a dynamically-generated mass term. The UV completion of the top condensation idea suggests the existence of new topcolor gauge interactions. The complete topcolor sector requires new Higgs fields in (3, 3) representation to break the topcolor gauge symmetry down to SU (3) C . Besides, top seesaw sector requires new vector-like particles. We want to obtain all the required ingredients from SUSY strong dynamics. The most simple setting is the vector-like supersymmetric QCD.
Let us consider SU (N C ) SUSY QCD which has the massive vector-like quarks Q i and Q i with i = 1, 2, ..., N F , and the SU (N C ) singlet massive messenger fieldsf and f for gauge mediation. The global flavor symmetry is
where the following mass terms
break the flavor symmetry down to SU (N F ) V × U (1) V . This superpotential is of the simplified gauge mediation type proposed in Ref. [9] . According to the Seiberg duality [5] , this theory is dual to an SU (N F − N C ) gauge theory. We can identify the dual magnetic gauge group as the new topcolor-like SU (3) 1 . Besides, we require that the dual magnetic gauge group be IR-free which sets N C + 1 < N F < 3/2N C . Thus, the only possible choice is N C ≥ 6. We chose N C = 7 and N F = 10 in our scenario.
We embed the gauge symmetry SU (3) 2 × SU (2) L × U (1) Y into the SU (6) subgroup of the global symmetry SU (10) V by assigning
We also embedding an additional U (1) 1 into SU (6). The purpose of such additional U (1) 1 will be clear later. The fields Q T andQ T , etc, are gauge singlets with respect to U (1) 1 .
The electric theory is dual to a magnetic SU (3) 1 gauge theory with superpotential 4) and the scale is defined as
where b e and b m are respectively the SUSY QCD beta functions of the electric and magnetic theories with the respectively dynamical transmutation scales Λ e and Λ m .
In general, the SUSY breaking requires the presence of R-symmetry [10] . However, an exact R-symmetry forbids gaugino masses which is not acceptable. One possible solution is to explicitly break the R-symmetry by introducing small R-symmetry violation terms which lead to meta-stable vacua. In our scenario, we can see that the first three terms have a U (1) R symmetry with R(M ) = 2 and R(q) = R(q) = R(f ) = R(f ) = 0. Such an exact U (1) R symmetry is obviously broken to an approximate one by the last term.
The magnetic theory requires the existence of meson-like composites to satisfy the anomaly matching conditions. Components of the meson fieldsM from Q T , Q D , Q S and
Similarly, the (3,6)/(3, 6) components of the dual quarks (3, 10)/(3, 10) are transformed in terms of
Thus, in our theory we can identify
From the dynamical superpotential by Seiberg duality, we can identify the following interactions
We also introduce the right-handed top quark chiral supermultiplets in terms of gauge group 9) and possible Higgs sector to completely break U (1) 1 at low energy. The necessity of chiral fermions is obvious. SUSY QCD is vector-like and the resulting dual gauge theory is still vector-like. In order to get the chiral fermions, we must introduce by hand at least one chiral component. This fact also appears in the (latticed) extra dimensional interpretation of top seesaw [11] . Localized heavy kink mass terms are necessary to get the localized chiral fermions. Supersymmetry is broken by rank conditions [8] . Neglecting temporarily the contributions of the messenger fields, we can see from the rank conditions
that supersymmetry is indeed broken. This is a typical in ISS-like models. The scalar potential is minimized along a classical pseudo-moduli space of vacua which is given by [8] 12) and arbitrary φ 0 . In our scenario, the q 0 andq 0 parts corresponding to the VEVs of Φ 1 and Φ 2 fields within the dual quark decomposition.
Flat pseudo-moduli will in general be lifted by quantum effects. The one-loop stable minimum by Coleman-Weinberg potential [8] is
The U (1) R violation terms involving the messengers will shift the minimum ofM through one-loop Coleman-Weinberg potential by an amount
14)
The lifetime of the metastable vacua requires
with the tunneling probability e S to exceed the lifetime of our universe e 40 seconds
There are large viable parameter spaces that can satisfy this requirement. Possible new SUSY breaking minimum can arise through the combination of m ij and
For example, a possible new minimum may be possible iff f = mM * κ . However, the lifetime (for tunneling to the new possible minimum) of the previous metastable vacuum can be long enough if we set
The F-term of the meson fields induce the scalar mass terms for
from the induced superpotentialqM q. Other soft SUSY masses can be generated through the effective messenger fields
Thus, we obtain the gaugino masses [12] 
and sfermion masses
Below the scale √ F which is the typical scalar masses for dual squarks, the SUSY QCD reduce to non-supersymmetric dynamics. The gaugino and remaining sfermions can acquire masses from gauge loops.
Thus, at the low energy we get an
1 gauge theory with proper matter contents and interactions. The gauge group of the SU (3) 1 is emergent and almost all the matter contents are composite particles.
Top and Bottom Seesaw
It is well known from the topcolor dynamics that the predicted top quark mass is too high if topcolor is responsible for full electroweak symmetry breaking. In order to get realistic top quark mass, top seesaw model was proposed by introducing additional vector-like particles besides the topcolor matter content. In our model, partial composite top and bottom quarks will naturally lead to top and bottom seesaw mechanism.
After Φ 1 and Φ 2 respectively acquire VEVs M 1 and M 2 , the SU (3) 1 × SU (3) 2 gauge symmetry is broken down to SU (3) C . The theory has a set of massless gluons and massive octet colorons. The remaining QCD coupling is
where h 1 and h 2 are the gauge couplings for SU (3) 1 and SU (3) 2 , and the massive colorons acquire masses
). After we integrate out the coloron fields, we obtain the effective four-fermion interaction
with
After performing the Fierz rearrangement and at the leading order in 1/N c , we have
We can transform the interaction eigenstates to the partial mass eigenstates by
where
We define the unitary mixing matrixT
In this basis, the NJL model takes the form
with M 1 and M 2 the eigenvalues of the matrix
Assume the gauge couplings for SU (3) 2 and U (1) 1 get strong quickly towards IR and trigger the fermion condensation. The vacuum is tilted by the U (1) 1 interactions so that condensation between ρ L and t c L is disallowed by the repulsive forces of U (1) 1 . From the expansion, we can see that possible types of dynamical condensations for
with corresponding mass gap
And they have the following relations 12) so that they are not independent. Just as the case for ordinary topcolor, the dynamical mass terms µ can be calculated through the gap equations. Tedious calculations give the 
From the gap equation, we can get the analytical expressions for the condensation scale µ and the effective critical coupling. This approach with mass insertion is an approximation at large N c expansion. We will deduce more precise forms of the condensation in symmetry broken phase.
Similarly, we can get the other condensations
to give <X L P R > and <P L P R >. After all condensation occurs, we get the most general possible mass matrix for top sector
The mass eigenvalues and eigenstates can be obtained by the following unitary transformations
The analytical expressions are very complicate. Careful analysis indicates that the three mass eigenvalues are of order
in case M 2 = M 1 s a ≫ µ. We will not give the explicit expression of the mass eigenstates for the top quark sector. We just parameterize them as
with the lowest mass eigenstates t m L,R corresponding to the physical top quark. One Higgs doublet field in the multiple-Higgs-doublets are the condensations
and additional two singlets (and triplets) are from the condensations
We obtain the precise gap equation of this theory in the broken phase [13] at the cut-off
After we integrate out the heavy fields χ m , ρ m , we obtain the low energy effective theory
The tadpole cancelation condition is
with δT the one-loop tadpole contributions. Through the tadpole cancelation condition we can obtain the exact gap equation
with the fact that
Such form is consistent with the previous large N c expansion approach with mass insertion.
From the wave function renormalization of the composite Higgs fields, we can get the precise form of the Pagels-Stokar formula
with other possible Higgs VEVs from bottom sector v 2
The VEV of S 3 breaks the U (1) 1 gauge symmetry completely due to its non-vanishing U (1) 1 quantum number. The expression of S 3 will be given in subsequent Section. Due to the mixing in the Higgs sector, the physical Higgs fields can be obtained by diagonalizing the relevant mass matrix. We will discuss the complete Higgs sector after we include the bottom-type quarks. Similar setting can be seen for the bottom quark. We rewrite the relevant terms for bottom quarks
and the induced interactions
We can see from the identification that the most general bottom quark mass matrix is
Similarly, we can diagonalize the mass matrix and obtain the relevant eigenvalues. We note that the determinant of the mass matrix is Here the expression for the lightest bottom-type quark mass is not precise. This formula is used to determine the order of the physical bottom mass. We can also parameterize the mixings in the bottom sector as
(3.32)
We can introduce auxiliary fields in symmetry breaking phase to obtain the precise gap equations
Again we can integrate out the heavy modes and obtain the low energy effective interactions
where we use the parameterizatioñ
The tadpole cancelation conditions
determine the exact gap equations
while µ S 2 and µ S 3 are
Here we use the notation
and define
From the wave function normalization, we can get the Pagels-Stokar formula in the bottom sector 
Here, we define
The physical Higgs fields can be obtained by diagonalizing the 10 × 10 mixing mass matrix between h i (i = 0, · · · , 4) and S j (j = 2, · · · , 6). Each entry can be calculated by the oneloop diagrams in the large N c fermion bubble approximation. For example, the diagonal entry can be calculated to be
where the wave function renormalizations are
and the definitions for M T ab and M B ab are
(3.47)
The mixings between the Higgs fields can be calculated accordingly. For simplicity, we can define
where the mixing terms between h i and h j are 
and the relations are
One combination of π 0,± t and π 0,± bi will act as "would be" Goldstone bosons which will be eaten by W ± and Z 0 . The remaining π ± t,bi will combine into multiple charged Higgs fields H ± i while the other combinations of π 0 bi and π 0 t will be the CP-odd Higgs fields A 0 i . The mixings between triplet Higgs fields will give two mass eigenstates∆ 2 and∆ 3 . There is enough parameter space to tune the lightest Higgs field to be at 125 GeV. We note that the non-minimal nature is crucial for Higgs mixing and the appearance of light Higgs field.
Quarks of the first two generations transform as SU (3) 2 fundamental representations and also carry U (1) 1 charges. As SU (3) 2 will become strongly coupled, additional U (1) 1 interactions can prevent the condensation between the first two generations. This is similar to that of the flavor-universal topcolor model [14] .
The most important electroweak precision constraints on top seesaw comes from the electroweak oblique parameters S and T [15] . Minimal Top seesaw model can non-trivially satisfy the S − T bounds. We know that the oblique parameter S can be thought of as the measure of the total size of the new sector while T is the measure of the weak-isospin breaking induced by it. Just as ordinary extended Top Seesaw model with bottom seesaw, the contributions to the oblique parameters are rather complicate. New contributions to the T parameter
from the quark sector are
here we define
New contributions to the oblique S parameter
with the definition
which we will not give their tedious analytic expressions. Although the precise values need the detailed numerical studies, we note that the contributions to the S parameter should be very similar to that of the minimal top seesaw model because most new particle contents are vector-like.
The contributions from the multiple Higgs doublets needs the Higgs spectrum as well as the knowledge of the mixings among different Higgs doublets. In general, they should drive the T parameter negative which however being compensated by isospin violating quark sector contributions. We will left the detailed numerical results to subsequence studies. We just anticipate that there are enough parameter space to make our model compatible with S − T bounds.
There are additional constraints from Z − b L − b L coupling. The mixing within the bottom seesaw sector change the vertex by
(3.60)
We can see that Γ(Z →bb) will decrease with respect to the SM predictions. The updated data on R b will constrain the mixings within the bottom sector. We can properly choose the parameter M 1 = M 2 = 20 TeV so that the physical top quark mass is given by which is related to the top quark sector through the relation µ/μ≡ tan β 1 ≈ 40.
In general, the scalar type bound state of the NJL-type condensation has a mass of order 2µ with µ the corresponding dynamical mass in the gap equation. In our scenario, the lightest scalar states are mixing between various condensation bound states with the lightest bound state as light as 2μ ∼ O(10 GeV), and then can be as light as O(100 GeV).
Conclusions
The recent discovery of a 125 GeV Higgs-like particle at the LHC pushes us to ask the interesting question whether such scalar is composite or fundamental. On the other hand, top quark, which is much heavier than all the other SM fermions, indicates that it couples more strongly to electroweak symmetry breaking sector. Thus, it is possible that the top sector plays a key role in electroweak symmetry breaking mechanism and related intimately to the intrinsic nature of the Higgs field. Ordinary top seesaw model predicts too heavy Higgs mass and requires new matter contents and interactions that are put in by hand. We propose a typical non-minimal extended top seesaw model (with also bottom seesaw) and accommodate a light composite Higgs field. The non-minimal nature is crucial for Higgs mixing and the appearance of light Higgs field. Besides, supersymmetric strong dynamics can lead to almost composite top and bottom quark as well as new emergent topcolor gauge interactions. At the same time, supersymmetry breaking condition also leads to topcolor breaking as well. The low energy QCD coupling is partially emergent. This theory also act as an AdS/CFT dual to a Randall-Sundrum [16] type model which will be given in subsequent studies.
